Aiming at the problems of residual anode and free carbon generated in titanium oxycarbide electrolysis (TiC 0.5 O 0.5 ), the phase composition and microstructure of TiC 0.5 O 0.5 were characterized by XRD, SEM, EDS and POM. The results show that: titanium oxycarbide (TiC 0.5 O 0.5 ) with similar crystal morphology and structure could be obtained by carbothermic reduction from TiO 2 and sintering from TiC and TiO, which is composed of 15 21% gray-white titanium carbide, 56 69% yellow titanium oxycarbide and 13 25% aubergine titanium oxycarbide. The grain color of titanium oxycarbide is related to the content of carbon and oxygen. Gray-white titanium carbide contains 20 30% C, yellow titanium oxycarbide 10 50% C and 10 20% O, and aubergine titanium oxycarbide 5 10%C and 25 30% O. The structure of titanium oxycarbide is not uniformity, which results in the formation of residual anode and carbon. The gray-white and aubergine components in titanium oxycarbide are rich in TiC and TiO respectively, which generate free C, CO 2 , Ti 2 O 3 and TiO 2 after electrolysis.
Introduction
Titanium oxycarbide was found as an intermediate product in the process of carbothermic reduction of TiO 2 . It was widely used as decoration materials with corrosion-resistant, cutting tool materials with wear-resistant, and raw materials of soluble anode electrolysis, due to its out-standing performance such as high melting point, high hardness, good electric conductivity, and excellent thermal conductivity [1] [2] [3] [4] . Titanium oxycarbide could be prepared by such methods as solid-solid thermal reaction, gas-solid reaction and electrochemical deoxidation, and these solid phase reactions with easy operation have realized the large-scale production [5] [6] [7] [8] . So far, soluble anode electrolysis of titanium oxycarbide (TiC x O 1−x ), which is regarded as a new technology for titanium preparation by molten electrolysis, has already become a focus of academic. For instance, University of Science and Technology Beijing (USTB) process, MER composite anodic process (developed by MER company), Chinuka process [9] [10] [11] [12] [13] . The soluble anode electrolysis system is composed of titanium oxycarbide, carbon steel cathode and molten salt. Under the DC power supply condition, Ti ions in titanium oxycarbide will dissolve in molten salt and deposit in cathode with the formation of CO. When the molar ratio of C and O (C/O) is 1:1 in titanium oxycarbide (TiC x O 1−x , x = 0.5), anode will be completely consumed and not produce anode slime. However, anode scrap and free carbon are found after electrolysis and their formation mechanisms are still unclear. Those problems will make it hard to run continuously and stably. Therefore, studying the structure of titanium oxycarbide before and after electrolysis is of importance in the present work. The dissolution characteristic and incompletion dissolution reasons of titanium oxycarbide are also discussed.
Experimental Procedure
Commercially available TiC(AR), TiO(AR), TiO 2 (AR) and carbon powder (purity ≥ 99%) were selected as the original materials. The particle size of TiC(AR), TiO(AR), TiO2(AR) and carbon are all bellow 45 μm. Carbon as a reductant in the paper is in the form of graphite. TiC/TiO powders and TiO 2 /C powders were by mixed using a planetary ball mill with a molar proportion 1:1 and 1:2 respectively, then pressed into the hollow columnar blocks (Φ in , 8 mm; Φ out , 25 mm; h, 40 mm;) with pressure of 180 MPa. After the columnar blocks were dried at 120 C for 12 h to remove the moisture, two types of blocks were placed into a vacuum induction furnace (zt-40-22, Suzhou Fugen Vacuum Technology Company) in a low vacuum (<10 Pa) at 1550 C for 5 h to obtain the 1 st thermal reduction product and TiC&TiO sintered feed. Subsequently, the 1 st thermal reduction product was crushed into powder, then pressed into columnar blocks again, and carried out vacuum thermal reduction in the same condition to acquire the 2 nd thermal reduction product. TiC&TiO sintered feed and the 2 nd thermal reduction product were connected to graphite pole (8 mm in diameter) as anode. Carbon steel rod (8 mm in diameter) was used as cathode.
The blended powder of KCl(AR) and NaCl(AR) with equimolar ratio were placed in an alumina crucible and carried out dehydration in a vacuum at 350 C for 12 h.Then the preliminary prepared salt was melt at 750 C in the vertical cylindrical furnace reactor in protection atmosphere. After the preset temperature was reached, anode and cathode were immersed into molt salt. Electrolysis operation was carried out in a constant voltage of 2.8 V provided by a WYK-50 DC stabilized voltage source (Shenzhen Xinnuoer Technology Company). Off-gas was determined by CO/CO 2 combined detector (Beijing Junfang Physic and Chemical Technology Company). When the electrolysis was terminated, electrodes were lifted from the molten salt into the upper part of the reactor and cooled naturally in the argon protection. Then, the electrodes were washed by distilled water to remove residual salt within the pores and dried by natural wind.
The phase composition and microstructure of the samples were characterized by X-ray diffraction analysis (XRD, X Pert Pro, Netherlands PANalytical Company), scanning electron microscope (SEM, JSM -7001F, Japan Electronics Company), energy disperse spectroscopy (EDS, INCA, Japan Electronics Company) and polarizing optical microscope (POM, BX51-P, Japan Olympus Company). Figure 1 shows the differences of XRD patterns for two methods of acquiring titanium oxycarbide and the process of carbothermic reduction TiO 2 . The results present that the product of the 1 st thermal reduction is composition of TiC 0.5 O 0.5 , Ti 2 O 3 and C, and the 2 nd vacuum thermal reduction is completely converted to TiC 0.5 O 0.5 . The XRD results do verify that the product of 2 nd carbon thermal reduction TiO 2 is identical to TiC&TiO sintered feed.
Results and Discussions

The characterization of titanium oxycarbide
The SEM images of vacuum thermal reduction products are shown in Fig. 2 . The images suggest that the particle size of the 1 st carbon thermal reduction product is maldistribution, because it is regarded as the intermediate product of reduction which has not formed perfect grain. Yet, the microstructure of titanium oxycarbide (TiC 0.5 O 0.5 ) prepared by two ways is similar in particle sizes and distributions.
The XRD patterns and SEM images illustrate that the same structure of titanium oxycarbide could be produced using different methods. Since, the differences of TiC 0.5 O 0.5 microstructure are not discovered, the components and morphology of titanium oxycarbide (TiC 0.5 O 0.5 ) are characterized by POM and EDS, and the results are shown in Fig. 3 and Table 1 . It can be seen that titanium oxycarbide (TiC 0.5 O 0.5 ) is composed of 15 21% gray-white titanium carbide, 56 69% yellow titanium oxycarbide and 13 25% aubergine titanium oxycarbide. The distribution of titanium oxycarbide is not uniformity from the results of EDS.
The grain color of titanium oxycarbide is related to the content of carbon and oxygen. Different elementary composition corresponds to different color of TiC 0.5 O 0.5 . The relation of color and weight ratio of C/O in the titanium oxycarbide is as follows: gray-white titanium carbide (C:20-30%, O:0%) includes hoary and light gray components; yellow titanium oxycarbide (C:10-50%, O:10-20%) includes pale, luminous and saffron yellow components; aubergine titanium oxycarbide (C:5-10%, O:25-30%) includes grey violet, amaranth and purplish grey components. As shown in Fig. 3 , the organizational structure of titanium oxycarbide will become small and discrete particles after thermal reduction. In addition, Table 1 indicates that the 1 st carbothermic reduction mainly generates yellow and aubergine titanium oxycarbide, then aubergine component gradually transforms into yellow titanium oxycarbide, but conversion is also not completely under the 2 nd thermal reaction; TiC&TiO raw material mainly consists of gray-white titanium carbide and yellow titanium oxycarbide, then gray-white part gradually transformed into yellow titanium oxycarbide but conversion is still not completely under the condition of sintering. Gray-white and yellow components of the titanium oxycarbide prepared by carbothermic reduction TiO 2 are lower than that of TiC and TiO sintering, but aubergine components are higher than the latter. Those results illustrate that a certain amount of TiC exists in the titanium oxycarbide, and when the molar proportion of C and O is equal, free TiO also exists in the anode material. Because the phase structures of TiC are the same as titanium oxycarbide, which result in having similar XRD patterns 14) . Figure 4 (a) is titanium oxycarbide annode before electrolysis. Figure 4 (b) reveals the shape of residual anode. In the process of electrolysis, the anode generates C which covers the surface of the anode and hinders the further dissolution of anode. The XRD patterns of residual anode shown in Fig. 5 manifest that new phase appears, and CO 2 is detected in Fig. 6 . With the electrolysis proceeding, the phase peaks of titanium oxycarbide gradually reduce and emerge new phases, such as C, Ti 2 O 3 and TiO 2 . These new substances could coat upon the surface of titanium oxycarbide which will prevent electrolysis from proceeding continuously. Because the electrolysis process proceeds to be undetectable CO or CO 2 in off-gas system, but titanium oxycarbide is still detected in residual anode from XRD patterns. Figure 6 shows that the tendency of the concentration of CO and CO 2 increases rst and then decreases with electrolysis proceeding, but the content of CO 2 is lower than CO. It indicates that the formation of CO is main reaction and CO 2 is secondary reaction in electrolysis system.
The electrolysis of titanium oxycarbide
Discussion
The soluble anode of titanium is dissolved by electrical-chemical reaction in NaCl-KCl molten salt, and the valent of titanium ions depends on the current density. Titanium ions (II) get into molten salt at low anode current density, however, titanium ions (III) get into molten salt at high anode current density. So the following reaction will take place under DC power supply.
However, dissociative TiO and TiC of existing in titanium oxycarbide could react according to the following equations 15) .
Ti 2 O 3 generated from eq. (2) will continue taking place according to the following reaction equations and generate CO 2 . 
The carbon of residual anode comes from eq. (3), and CO 2 comes from eq. (5). TiC in eq. (3) mainly results from graywhite titanium oxycarbide, and dissociative TiO of residual anode mainly comes from yellow and aubergine titanium oxycarbide. Furthermore, the morphology and core structure of titanium oxycarbide are not uniformity and result in uneven dissolution. Because it is hard to obtain only one phase titanium oxycarbide prepared by carbothermic reduction from TiO 2 or sintering from TiC and TiO, titanium oxycarbide is dif cult to dissolve completely and not to generate residual anode.
Conclusion
How to get the single structure phase and the molar carbon oxygen ratio of 1:1 on the microstructure of titanium oxycarbide is the key to solving the residual anode and free carbon. Improving the conditions of dynamics is a way to get uniform oxycarbide, such as improve the reduction temperature, increase reaction time and use smaller raw materials. Based on the analysis results, the following conclusions are reached:
(1) Titanium oxycarbide (TiC 0.5 O 0.5 ) with similar crystal morphology and structure could be obtained by carbothermic reduction from TiO 2 and sintering from TiC and TiO.
(2) The grain color of titanium oxycarbide is related to the content of carbon and oxygen. Gray-white titanium carbide contains 20 30% C, yellow titanium oxycarbide contains 10 50% C and 10 20% O, and aubergine titanium oxycarbide contains 5 10%C and 25 30%O.
(3) The structure of titanium oxycarbide is not uniformity, which results in the formation of residual anode and carbon. The gray-white components in titanium oxycarbide are rich in TiC and generate free C, while aubergine components with high content of TiO generate free CO 2 , Ti 2 O 3 and TiO 2 after electrolysis.
